Introduction
An open reduction and internal fixation (ORIF) procedure is performed over 4 million times in the United States annually. A hybrid plate construct involves the use of locking screw and conventional cortical or cancellous screw. Internal fixation devices work as load sharing or load bearing devices. Plate osteosynthesis in comminuted fracture acts as load bearing device where the plate assumes all the loads. Compression plating in simple fracture pattern works as load sharing devices where bone assumes most of the load.
Fracture healing leading to bone union depends on the devices used and their biomechanical behavior. Hence it is important to obtain stable fixation to prevent implant failure. Implants are not routinely removed unless there is infection or mechanical failures. Internal fixation devices are of many types. Some of the commonly used devices include K-wires, Plates, Screws, intramedullary rods etc., K-wires are mainly used as reduction tool and sometimes in stabilizing fractures of small bone in hand and feet.
Different types of plates used for internal fixation include locking compression plate, dynamic compression plate, and reconstruction plate. Dynamic and locking compression plates are more commonly used. Locking compression plate acts as internal external fixator. They have very limited contact with the bone and hence reduce vascular damage.
This has a great advantage in osteoporotic bone and in fractures with significant comminution and bone loss. Locking compression plates provide relative stability at the fracture site and facilitate bone healing by secondary intention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Conventional plate osteosynthesis offers stability by friction between plate-bone interface. On axial loading, bending force is applied on the screws, which generate a 4 shear force. When axial load exceeds the friction force, movement occurs between the plate and screws, known as toggle, and may result in bending or fracture of screws. The change in plate screw angle limits failure loads to the strength of thread purchase.
Screws alone may be used as primary mode of fixation in small bone fractures in hands and feet. Intramedullary rods are more commonly used in midshaft fractures of femur and tibia.
Previous studies have evaluated the mechanical properties of hybrid plate construct in fourth-generation composite bone model 11 . The potential advantage of locked screws in improving the axial and torsional strength and different combination of locked and nonlocked screws have been studied 12 . To our knowledge there is no study, evaluating the dynamic stiffness of Hybrid construct at different stages of healing process.
Materials and Methods
In this study synthetic femur models (Model 3403, pacific Research Laboratories, Vashon, USA) which contain epoxy glass fiber as shallow cylinders filled with polyethylene were used. Fracture comminution was simulated by an osteotomy gap of 2cm in the metaphyseal region using twenty synthetic femur models. Ten hole precontoured lateral distal femoral locking plate implants were used and simulated fractures were stabilized with different combination of locking and non-locking screws. The femur fracture constructs were divided into four groups as shown in Table- 1. Five femurs were prepared for each of the 4 groups. The test protocol was kept same for all 4 groups of testing where load was cycled in the negative Y direction from 50 to 700 N and a torsion rotation of + 5º /cycle applied in a sinusoidal waveform. At the end of 50,000 cycles tests were stopped. The details of the specimen preparation and specimen testing are available 5 elsewhere [10] [11] . Simulated solid models were constructed to perform finite element analysis so that these results could be compared with the experimental results.
Solidworks Modeling
Solid models of LCP were created similar to Synthes condylar plates through Solidworks 2007, a three-dimensional (3D) Computer Aided Design (CAD) software. The nonlocking screw heads were minimized in size to decrease contact with the plate hole as shown in Figure 1 . The distal condylar flared portion of the plate was designed with loft and fillet (Loft and Fillet are features used in Solidworks for creating transitions and external/internal round surfaces, respectively) operations as shown in Figure 2 . A final assembly was created joining the various individual model portions. This assembly was similar in appearance to the femoral constructs tested experimentally. Additional groups were created for completeness. Plating constructs with three locking screws and one nonlocking screw were developed as well as plates with four locking screws. The bony segments (condylar and shaft) were subtracted for further analysis in ANSYS, (ANSYS Inc, Canonsburg, PA). Appropriate constraints were applied at the plate ends and on the screws. The model was then saved in a para-solid format. Three-dimensional models of the femur were also created using Mimics (Materialise, Inc, Plymouth, MI), which is a 3D modeling software that imports computed tomography (CT) imaging data. The CT images of the specimens were acquired from Miami Valley Hospital in Dayton, OH.
Three-dimensional models, similar to the anatomical specimens, were achieved using the Mimics tools as seen in Figure 3 . 6
FEA analysis in ANSYS
The Solidworks models stored in parasolid format were imported into ANSYS. Stainless steel (316L) properties were assigned to the plate and screws built with SHELL 93 elements. Loads were applied to the screws with the plate and screws constrained. A time harmonic mode was chosen which converts loads in terms of displacement and stress. Loads of 300N were applied to each screw in a negative Y direction (downward).
From the obtained results, construct dynamic stiffness and deformation were measured. however, higher than all other combinations. It may be noted that the displacement considered here were in nano-meters, and operating room practice allows 10% of the fracture gap as a rule of thumb. Figure 4 shows the ANSYS models with all 4 locked and non-locked constructs.
RESULTS

Finite Element Analysis
Experimental Program
Experimental data generated on 20 synthetic femurs has been tabulated in Table-3. Groups 2 and 3 exhibited higher torque to loosen the screws. However, locking screws 7 when positioned either immediately after the osteotomy gap, or at the distal end of the plate, exhibited similar amount of torque required to loosen the screw. More than onehalf of torque was retained in the screw at the end of 50,000 cycles. Constructs made with conventional screw, on the other hand, loosened most of their insertion torque and were loose enough that torque meter did not read the remaining torque. Remaining torque was measured by subtracting the loosening torque from insertion torque.
The conventional screw, located in Screw-2 position, maintained somewhat lower torque than Screw-3. The average torque of locking screws, farthest and closest from the osteotomy gap, remained very similar [10] [11] . Similarly, non-locking screws farthest from the gap showed low loosening torque compared to the non-locking screws nearer to the fracture gap. Table-4 cycles. However, the dynamic stiffness was expected to be much higher during the insertion of the device, 500 N/mm, as shown in Figure 9 using 2 locking screws. None of the other constructs show higher starting stiffness as Group 4. The starting stiffness ranges from 100 to 300 N/mm. This study used 2 cm osteotomy gap, where high stress/strain was likely to develop causing significant amount of axial and angular displacements. Additional work is recommended for smaller osteotomy gaps to determine the efficacy of the hybrid locking plate constructs.
DISCUSSION
The LCP is subjected to static and cyclic loads in vivo which generate extremely complicated stress systems in the device 2 was used in this study, simulating significant bone loss and fragmented fracture. The length of LCP is dependent on fracture length and loads being transferred to the plate (e.g. bending, pull out) 4 . The ratio of the plate length to the fracture length is called plate span width 5 . Guatier and Sommer recommended plate span width to be from 2 to 3 for comminuted fracture and 8 to 10 for simple fracture 6 . This suggests that for more comminuted fracture; a long plate provides higher axial and torsional stability than the short plate 7 . Working length is the length between two screws of two different fracture fragments. With a small fracture length and working length the bone ends do not come in contact with each other thus reducing callus formation 8 . This increases stress and strain during torsion loading. Stresses induced in a plate with a 6 mm fracture gap are higher than plate with a 1 mm fracture gap. The stress in a screw decreases with smaller fracture gap 7 . In osteoporotic bone, the working length is kept small because of small bone thickness compared to the normal bones. When torsion load is applied, the screws tend to pullout.
The LCP plates have point contact at the undersurface thus preserving periosteum blood supply. Conventional plates exert 2000-3000N force when screws are tightened to the bone [9] . LCP plates reduce this load and preserve the blood supply. Reduced contact between the bone and the plate improves bone growth 9 . Stoffel suggested that by increasing distance of plate from the bone 2 to 6 mm, the axial and torsional stability decreased by 10-15% 7 .
Freeman et al. have studied the effect of the number and location of locked screws on the mechanical properties of hybrid plate construction on osteoporotic bone model. Seven different constructs with 2 unlocked and 5 hybrid constructs were tested. They determined that 4 screws per side increased the stiffness to 33% when compared to 3 screws in each fragment. They did not find any difference when 1 or 2 unlocked screws were replaced by locked screws on each fragment. However, replacing 3 unlocked screws on each side with locked screws increased the torsional stiffness by 24%. They concluded that at least 3 bicortical locked screws on each side of the fracture are needed in a 11 osteoporotic bone model to increase the torsional strength. Locked screws when placed between the fracture and unlocked screws protect the unlocked screws from loosening 12 .
While literature cited effects of these parameters on resulting stiffness and stability of the fixation, limited amount of data was available showing the dynamic stiffness of the construct. The dynamic stability is pivotal in holding the construct especially in early phase during fracture healing. Therefore, this paper provides the most desired dynamic stiffness of hybrid constructs with different screw configurations at various stages of healing process that will be useful in the treatment of comminuted fractures.
Conclusion
The hybrid locking compression plate constructs tested during this research show the following trends:
• The remaining torque in each of the locking screw remained similar, even though their placement changed
• Conventional screws loosened at a faster rate than the locking screws
• The dynamic stiffness of the construct was found as a function of number of locking screws and where they were placed, proximal and distal end placement was found to be an effective position
• Fixation efficacy was proposed to be a function of dynamic stiffness and may be predicted using simple mathematic models, for the conditions investigated in this study for a 2 cm osteotomy gap.
• Depletion of dynamic stiffness occurs with respect to time and cycles, therefore, needs to be accounted for in surgery. Color code-yellow-locked screws, green-non-locked screws Table 2 .
